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ABSTRACT 

We point out a serendipitous link between warm dark matter (WDM) models for structure formation 
on the one hand and the high sensitivity energy range (1-10 keV) for x-ray photon detection on the 
Chandra and XMM-Newton observatories on the other. This fortuitous match may provide either a 
direct detection of the dark matter or exclusion of many candidates. We estimate expected x-ray fluxes 
from field galaxies and clusters of galaxies if the dark matter halos of these objects are composed of 
WDM candidate particles with rest masses in the structure formation-preferred range (~1 keV to ~20 
keV) and with small radiative decay branches. Existing observations lead us to conclude that for singlet 
neutrinos (possessing a very small mixing with active neutrinos) to be a viable WDM candidate they 
must have rest masses < 5 keV in the zero lepton number production mode. Future deeper observations 
may detect or exclude the entire parameter range for the zero lepton number case, perhaps restricting 
the viability of singlet neutrino WDM models to those where singlet production is driven by a significant 
lepton number. The Constellation X project has the capability to detect/exclude singlet neutrino WDM 
for lepton number values up to 10% of the photon number. We also consider diffuse x-ray background 
constraints on these scenarios. These same x-ray observations additionally may constrain parameters of 
active neutrino and gravitino WDM candidates. 

Subject headings: cosmology: dark matter — elementary particles — neutrinos — X-rays: galaxies: 
clusters — X-rays: galaxies — X-rays: diffuse background 



1. INTRODUCTION 

In this paper we show how the Chandra, XMM-Newton, 
and future Constellation X observatories can detect or ex- 
clude several Warm Dark Matter (WDM) candidates, in- 
cluding singlet ("sterile") neutrinos, heavy active neutri- 
nos, and gravitinos in some models. In essence, we show 
here how the technology of modern x-ray astronomy al- 
lows the exploration of a new sector of particle physics, 
one where interaction strengths could be characteristically 
some 10 orders of magnitude weaker than the Weak Inter- 
action. Processes with these interaction strengths likely 
never could be probed directly in a laboratory. 

The x-ray observatories, however, possess several ad- 
vantages when it comes to probing WDM candidate par- 
ticles. First, the sensitive energy range for x-ray photon 
detection on these instruments is ~1 keV to ~10 keV. 
Serendipitously, this is more or less coincident with the 
WDM candidate particle rest mass range which is pre- 
ferred in studies of structure formation (Bode, Ostriker, & 
Turok 2000). Some models posit the production of WDM 
particles through their tiny infractions with ordinary mat- 
ter. In several cases these very weak interactions lead to 
small radiative decay branches, producing photons with 
energies of order the WDM particle rest mass. 

This is where the second advantage of x-ray astronomy 
comes in. Even though the WDM particle decay rate into 
photons can be very small (lifetimes against radiative de- 
cay are typically ^lO^^x Hubble time), the dark matter 
halos of galaxies and galaxy clusters can contain huge num- 
bers of particles, e.g., in the latter class of objects some 
10^^ particles of rest mass ^1 keV. In effect, dark mat- 
ter halos can serve as laboratories of enormous "fiducial 



volumes" of dark matter particles. 

The first evidence for dark matter was the velocity dis- 
persion of galaxies in the Coma Cluster, which required 
mass to light ratios in the cluster to exceed those inferred 
for our Galaxy by many times (Zwicky 1933). Later, obser- 
vations of giant spiral galaxies implied that their disks are 
imbedded in larger halos of dark matter (Ostriker, Peebles, 
& Yahil 1974; Einasto, Kaasik, & Saar 1974). Recently, 
problems in cosmological structure formation models have 
led to interest in alternatives to the standard Cold Dark 
Matter (CDM) model for structure formation. 

The primary problem encountered in comparing calcu- 
lations of structure formation in CDM models to observa- 
tion is that simulations predict a large overabundance of 
small halos near galaxies such as our own. Structure for- 
mation in these models occurs through hierarchical growth 
of fragments into larger objects. This hierarchical struc- 
ture is obvious in clusters of galaxies, where the numerous 
constituent galaxies are seen directly. Individual galaxy 
formation is also hierarchical in CDM simulations. These 
simulations predict a large number of dark matter sub- 
halos, about 500, for each Milky- Way type halo (Moore 
et al. 1999; Ghigna et al. 2000); however, only 11 dwarf 
galaxies are observed near our Galaxy. The observed 
paucity of such substructure (dwarf galaxies) has been in- 
terpreted as a fundamental failure of CDM models. The 
hallmark of Cold Dark Matter particles is a very small 
collisionless damping (free streaming) scale, i.e., consider- 
ably smaller than the scale associated with dwarf galaxies, 
~0.3 Mpc (^10^° Mq). Between the large free streaming 
scale "top-down" Hot Dark Matter (HDM) structure for- 
mation scenarios and the "bottom-up" scenarios of CDM 
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models, lies the intermediate regime of WDM (Colombi, 
Dodelson, & Widrow 1996; Bode, Ostriker, & Turok 2000), 
with typcial dark matter particles of rest mass ~ 1 keV. 

On the other hand, the lack of dwarf galaxies may be 
caused by feedback processes from supernovac and heat- 
ing in small halos because of the initial formation of very 
massive stars in a zcro-metallicity environment (Bullock 
et al. 2001; Binney et al. 2001; Abel et al. 1998). How- 
ever, it is not clear that these processes would be success- 
ful in disrupting dwarf galaxy formation. Nevertheless, 
there remain many mysteries regarding the earliest stars. 
Observations of abundances in ultra-metal-poor halo stars 
may be giving us some new insights into these issues. For 
example Qian & Wasserburg (2001) have argued that an 
inferred increase in [Fe/H] with no concomitant increase 
in r-process abundances may signal the activity of very 
massive objects. 

Another potential problem in CDM models is that the 
universal density profiles predicted in simulations of struc- 
ture formation have a monotonic increase of density to- 
wards the center of halos. This could give a central "cusp," 
that is, a discontinuity in the derivative of the spatial den- 
sity distribution that is a result of the initial singularity 
in velocity dispersion. The observational searches for a 
centrally-peaked dark matter profile are as yet inconclusive 
(Swaters et al. 2000; van den Bosch et al. 2000). However, 
the measurement of the innermost rotation curve in dark- 
matter-dominated galaxies may provide the dark matter 
profile of these halos. 

One proposed solution to the central density problem is 
self-interacting dark matter (Spergel & Steinhardt 2000), 
which has Strong Interaction strength forces among dark 
matter particles and essentially no interactions between 
dark matter particles and ordinary matter. This kind of 
interaction would soften cores as a result of efficient energy 
exchange in halo centers. 

In fact, however, Dalcanton & Hogan (2000) find that 
the core phase space density distributions in dwarf galaxies 
and clusters may behave as simple power laws over eight 
orders of magnitude in phase density. They argue that 
such density profiles could not arise from either a WDM 
or self-interacting dark matter scenario [see also Sellwood 
(2000)]. 

The idea of using discrete UV photon sources to place 
limits on the radiative decay of active neutrino HDM was 
first proposed by Shipman & Cowsik (1981). The lack 
of UV photons from the rich cluster A665 was used by 
Melott et al. (1994) to constrain a decaying neutrino dark 
matter model proposed by Sciama (1990). Our approach 
to the detection of a radiative flux from cluster cores is 
similar: we explore the efficacy of x-ray observations in 
obtaining detections of or constraints on singlet neutrino, 
active neutrino, and gravitino dark matter candidates. 

If observations fail to find the decay flux predicted for 
a specific dark matter candidate, then the decay con- 
straints presented here can provide upper mass bounds on 
dark matter candidates. Together with existing structure- 
derived lower limits on the dark matter particle rest mass 
in these models, we can potentially exclude specific parti- 
cle dark matter candidates. 

For example, from observation of the power spectrum of 
the Lyman-a forest clouds at high redshift it can be con- 



cluded that there is significant structure on small scales. 
This requires a small coUisionless damping scale associ- 
ated with a dark matter particle with a thermal energy 
spectrum, and in this limit the particle's rest mass must 
be greater than 750 eV for a standard warm dark matter 
particle which decoupled at high temperature (Narayanan 
et al. 2000). In addition, a paucity of power on small 
scales can delay the formation of structure at high red- 
shifts and delay cosmological reionization. Such consid- 
erations corroborate the Lyman-a forest constraints and 
also favor a WDM particle to have a rest mass greater 
than 750 eV (Barkana et al. 2001). The energy distribu- 
tion for singlet neutrino relics is different from dark matter 
which has decoupled at high temperature, and is generally 
"warincir." Colombi et al. (1996) find that the power spec- 
trum for a sterile neutrino with rest mass is the same 
for a standard WDM relic particle with rest mass mx 
if nis PS 2.6'mx- Therefore, current lower limits on sin- 
glet WDM particle rest mass favor singlet neutrinos with 
masses nis ^2.0 kcV. 

In Section 2, we outline the radiative decay rates that 
can be probed in deep x-ray observations. Section 3 de- 
scribes the singlet neutrino, active neutrino, and gravitino 
WDM candidates and their radiative decay modes. In Sec- 
tion 4, we describe specific limits from field galaxy dark 
matter halos and those from clusters of galaxies. Section 
5 presents current diffuse limits on singlet neutrino dark 
matter. In Section 6, we present our conclusions. 

2. DARK MATTER HALOS AS PARTICLE RESERVOIRS 

An object such as a field galaxy or dwarf galaxy or a 
cluster of galaxies possessing a dark matter halo of mass 
Mum will be composed oi N = Muu/mx dark matter 
particles of rest mass mx. If F-^ is the dark matter par- 
ticle decay rate into photons of energy E^, then the total 
associated x-ray luminosity is 



-Ml 



mx 



DM 



(1) 



Here we have assumed that the halo is relatively nearby 
and that redshift effects on the luminosity are negligible. 

For illustration let us take the case where E^ = mx/2 
(here, and unless mentioned otherwise, we adopt units 
where h = c = 1). The flux from an object is simply 
F = C/A'kD\, where Dl \s the luminosity distance to 
the object. With a reasonable integration time observa- 
tion of a dark matter halo, a line of energy E^ — mx /2 
can be detected at a flux above, for example, Fdot = 
lO"'^'^ erg cm~^ sec"^. (We will show that this actually 
is the appropriate limit for Chandra.) This can place a 
limit on the radiative decay rate of the relic dark matter 
particle at 



P., < (2.4 X 10^0 yr)-i 



Fde 



1011 Mq 



10 1^ erg cm ^ sec i 



IMpc 



(2) 



where M^^j is the total mass of dark matter within the ob- 
served field of view. As we show below, a decay rate limit 
of this magnitude can be significant in constraining singlet 
neutrino, active neutrino, and gravitino WDM candidate 
parameters. 
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3. WARM DARK MATTER PARTICLE CANDIDATES 

3.1. Singlet Neutrinos 

In general, the neutrino mass eigenstates Ua {a = 1, 2...) 

are related by a unitary transformation to the flavor eigen- 
states Va (a = e, jj,, T, s...) 

Va = '^Uaal'a- (3) 

Q 

A singlet or "sterile" neutrino, Vg-, that has a very small 
mixing, sin^ 2^ « 4|[/isf72sP ^ 1) with one or more 
doublet ("active") neutrinos, could be produced non- 
thermally via active neutrino scattering in the early uni- 
verse. This was proposed as a WDM candidate by Do- 
delson & Widrow (1994). Singlet neutrino dark mat- 
ter also could be produced by matter-enhancement [a 
Mikheyev-Smirnov-Wolfcnstcin resonance (Mikhcycv & 
Smirnov 1985; Wolfenstein 1978)] driven by a primordial 
net lepton number residing in the active neutrino seas (Shi 
& Fuller 1999). Interestingly, the singlet neutrino could be 
produced in the requisite numbers to be a WDM candi- 
date in these scenarios even for extremely small vacuum 
mixing angles, 10~^^ < sin^ 29 < 10~^. 

Supernova constraints on these scenarios were consid- 
ered by George M. Fuller.^ Dolgov & Hansen (2000) 
did another calculation of the Dodelson & Widrow non- 
resonant scattering production scenario for WDM sin- 
glets and also discussed diffuse photon background and 
SN 1987A limits on these models. 

Singlets with rest mass tUs > 1 keV are produced 
during or prior to the quark-hadron transition. In this 
case, the effects of dilution, enhanced scattering rates, and 
the evolution of the thermal potential become important. 
Abazajian, Fuller, & Patel (2001) (AFP) considered sin- 
glet WDM production in both the non-resonant Dodelson 
& Widrow and resonant Shi & Fuller modes and explic- 
itly took account of these early universe thermodynamic 
effects. AFP also considered in detail constraints on these 
models arising from diffuse photon backgrounds, cosmic 
microwave background, ^Li and ^H, Big Bang Nucleosyn- 
thesis, and supernova effects limits. 

In these models the singlet neutrino is produced in 
the early universe throTigh non-equilibrium scattering pro- 
cesses involving active neutrinos and other weakly inter- 
acting particles. (Singlet neutrinos coidd be produced 
via coherent MSW resonance in one limit of matter- 
endhancement scenarios.) In the matter-enhanced, res- 
onant singlet neutrino production scenarios, the relic den- 
sity and energy spectrum of the singlet neutrinos can de- 
pend on the initial neutrino lepton number residing in the 
active neutrino seas 



where rij/^ (np^ ) is the neutrino (antineutrino) number den- 
sity and = 2C{^)T^/Tr'^ w 0.243T3 is the photon num- 
ber density. In the case of small initial neutrino lepton 
number (small here means the same order of magnitude 
or smaller than the baryon-to-photon ratio r] 10"^'^), 
~ 0, the production occurs at larger mixing angles 
than in the non-standard, yet plausible case, of large lep- 
ton number, 0.001 < L^^ < 1. For large lepton numbers, 

^ Puller, G. M. 2000, Neutrino Astrophysics and Cosmology (lectures 
from the Lab, the Sun, and the Cosmos). Available at http://www.slc 



production is resonantly enhanced at low energies and the 
energy spectrum of the singlet neutrinos can be "cooler" 
(that is, possess a smaller coUisionless damping scale) than 
for the case of a thermal energy spectrum (Shi & Fuller 
1999). 

For the Li,^ w case, the fraction of the closure density 
in singlet neutrinos that is produced in the early universe 
was found by AFP to be approximately 

^ ,9 /sin^20\/ Too \2 

Here 6 is the vacuum mixing angle defined by an effec- 
tive two-by-two unitary transformation between active Ua 
species and a singlet species Ug-. 

= COS^jl^i) -I- sin0|i/2) 
|z^s) = - sin6'|i^i) -I- cos6'|i/2), (6) 
where and \v2) represent neutrino energy (mass) 

eigenstates corresponding to vacuum mass eigenvalues 
TOi and TO2, respectively. Here we define h = 
iJo/(100 km s~^ Mpc~^), where Hq is the Hubble parame- 
ter at the current epoch. It should be kept in mind that fu- 
ture calculations with more sophisticated treatments of the 
singlet neutrino production physics and the early universe 
environment may sharpen up, shift, or possibly extend the 
mass/mixing parameter range which gives interesting relic 
Dark Matter contributions. 

For non-negligible lepton numbers, the singlet closure 
fraction produced depends on the precise value of L^^ as 
well as the mixing angle and mass of the singlet neutrino. 
In general, the matter-enhanced {L^^ ^ 0) singlet neutrino 
production modes can produce the same closure fraction 
as the L^^ « models but do so with orders of magnitude 
smaller vacuum mixing angles (Shi & Fuller 1999; AFP). 
As a result, it is in general harder to constrain the L^^ ^ 
singlet neutrino production mode scenarios. 




FIG. 1 — The principal decay mode for massive singlet neutrinos 
witii mass less than twice the electron mass. There are three light 
active neutrinos in the final state. (Here a = e, /i, r.) 

Significant constraints can be made on massive neutri- 
nos via the effects of their decay (Dicus et al. 1978). The 
primary decay channel of massive singlet neutrinos is into 
three light active neutrinos and is shown in Fig. 1. The 
decay rate corresponding to this process is (Barger et al. 
1995; Boehm & Vogel 1987) 

r3„.si„^2«Gj(^) p) 

(i^)(lw)^ 

where Gp 1.166 x 10 MeV ^ is the Fermi constant. 
This process needs to be considered when comparing num- 
ber densities of singlets produced at a very early time with 

it the XXVIII SLAC Summer Institute on Particle Physics: Neutrinos 
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those today, for example, in the calculation of the diffuse 
extragalactic background radiation (see Section 5). 
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FIG. 2 — Principal radiative decay modes for massive singlet neu- 
trinos. 

The principal radiative decay modes of singlet neutrinos 
are shown in Fig. 2. Majorana neutrinos have contribu- 
tions from conjugate processes. For the Majorana neutrino 
case, the decay rate for m2 mi, is (Pal & Wolfenstein 
1982) 



6477* 



J2Ui0U20F{r(s) , (8) 

where a « 1/137 is the fine structure constant. Here, 
rjs = {mfj/MwY is the square of the ratio of the (i flavor 
charged lepton mass and the boson mass, and 

F{rp)^-\ + \rp. (9) 

The sum in equation (8) is over the charged lepton flavors. 
For decay of a doublet neutrino into another flavor doublet, 
the sum in equation (8) vanishes for the first term in equa- 
tion (9) on account of the unitarity property associated 
with the transformation matrix elements in equation (3). 
The second term in equation (9) causes the sum not to van- 
ish, but the resulting term is obviously very small because 
it involves the fourth power of the ratio of charged lepton 
to masses. This is the so-called Glashow-Iliopoulos- 
Maiani (GIM) suppression (or cancellation). 

For a singlet decay, the sum over the charged lepton 
flavors in equation (9) does not cancel the leading con- 
tribution in equation (9) because there is no charged lep- 
ton associated with the singlet state. The decay rate is 
consequently greatly enhanced over the GIM-suppressed 
doublet decay case. The rate of singlet neutrino radiative 
decay is 

T^{ms,s.m^2e) « 6.8 x IQ-^^s-^ 

(10) 

where we have identified ~ m2, since the mixing is 
presumed to be small. 

The singlet neutrino can also decay via two-photon emis- 
sion, t^i + 7 + 7- However, this decay has a leading 
contribution scaling with the inverse square of the charged 
lepton mass (Nieves 1983), and therefore is strongly sup- 
pressed. Since the two-photon decay rate scales as m^, 
it will dominate over the single photon mode for masses 
rUg > 10 MeV. However, singlet neutrino masses over 10 
MeV are excluded by other considerations (AFP). 

In the case of the single photon channel, the decay of 
a nonrelativistic singlet neutrino into two (nearly) mass- 
less particles produces a line at energy E-^ = ma/ 2 with a 
width given by the velocity dispersion of the dark matter. 
For example, clusters of galaxies typically have a virial 
velocity dispersion of ~ 300 km sec~^. Therefore, the 
emitted line is very narrow, H^E 1Q~^E^. The observed 
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width of the line will be given by the energy resolution 
of the detector in this case. For example, the energy res- 
olution of Chandra's ACIS is /\E « 200 eV, while the 
Constellation X project hopes to achieve a resolution of 
AEk2 eV. 

The luminosity from a general singlet neutrino dark 
matter halo is [from equation (1)] 

Mdm \ /sin^26' 



£ w 6.1 X lO^^ergsec"^ 



10" Mq 



10 



-10 



VlkeV/ 
(11) 



This implies that the radiative decay flux from singlet neu- 
trinos in the halo is 

. , ,„_18 -2 -if Dl VV 

5.1 X 10 ° erg cm ^ sec — 

^ ' iMpcy vio ^0 

(12) 
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10 



-10 



VlkeV/ 



Therefore, for a general singlet neutrino candidate with 
rest mass rus and vacuum mixing angle sin^ 20, the mass 
limit — assuming no detection of a line at a flux limit level 

of i^dct is 

/ n, \2/5 / p. . X 1/5 

-1/5 /,,:.. 2 r,/l\ -1/5 



DM 



Jdet 

10-1^ erg cm-^ sec-^ 

?? 20 



,10"Me7 \ 10-^0 I ■ (13) 

Using equation (5), the dependence on mixing angle 
can be eliminated, and with equation (1), wc have for the 
Lv^ ~ case that the flux due to singlet neutrino decay 
is 

-if Dl \"V AfoM 
sec — - — 
IMpcy 



5.1 X 10 erg cm ^ 
J llkeV/ ■ 



0.3 



1011 Mq 

(14) 



For the L^^ « production case, the corresponding singlet 
mass limit from a null detection of a line a,t Ej = ms/2 at 
flux limit Fdet is 

2/3 / rn \ 1/3 

rus < 1.25 keV ' ^ ' ^'^^^ 



M, 



DM 



Dl 
1 Mpc 

1/3 



IQ-i-^ erg cm-2 sec" 



-1/3 



,10" May/ V 0.3 ' ■ ^^^"^ 

It should be noted that the decay limits presented here 
derive from a specific type of mass-generation mechanism 
for the singlet neutrino: those arising from the simplest 
case of Majorana or Dirac type mass terms. More compli- 
cated neutrino mass models would have diS'erent mass- 
terms, radiative decay widths and possibly other cou- 
plings, and bounds on these models would require indi- 
vidual analysis. 

3.2. Active Neutrinos 

The direct experimental upper limits on the and 
Vr masses are only 190 keV and 18.2 MeV, respec- 
tively (Groom et al. 2000). Although the observationally- 
inferred age of the universe precludes the possibility of 
fully thermalized active neutrinos being the WDM or 
GDM (Gerstein & Zeldovich 1966; Cowsik & McClelland 
1972), the active neutrinos may not be fully thermalized in 
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the early universe if the post-inflation reheating tempera- 
ture is low (Kawasaki. Kohri, & Sugiyama 2000; Giudice, 
Kolb, & Riotto 2000a). In this case, the P/j, and/or u^. can 
be legitimate WDM candidates (Giudice et al. 2000b). 

The radiative decay rate of massive active neutrinos into 
a single photon in a three-generation neutrino model is 
suppressed by the GIM mechanism, and is slower than the 
singlet neutrino decay rate by a factor (ma/Mw)'^ ^ 10~^^ 
and is therefore negligible. The two photon decay mode 
1^2 ^ i'l + 7 + 7 for massive active neutrino decay has a 
GIM suppression factor of ~ {ma/maY where nia is the 
relevant vacuum neutrino mass eigenvalue, and ma is the 
mass of the charged lepton of flavor a (Nieves 1983). This 
rate can therefore dominate the single photon mode only 
for rua > 200 keV, which is outside of the range of inter- 
est for active neutrino WDM. Therefore, active neutrino 
WDM in a three-generation neutrino model is relatively 
stable and robust against decay constraints. 

In order to accommodate solar and atmospheric neu- 
trino oscillation solutions to experimental data, a light sin- 
glet neutrino with mass rrig <C mv^ ^ must be a feature of 
any neutrino mass/mixing scheme which can provide for 
an active v^/vr WDM candidate. If there is a light sin- 
glet, then the decay from the mass eigenstates most closely 
associated with the v^/vt doublet into a mass state more 
closely associated with the lighter singlet is not GIM sup- 
pressed. This process can lead to a rapid radiative decay of 
the active WDM candidate. However, the mixing between 
the two mass eigenstates can be tuned to be arbitrarily 
small, since it is not phenomenologically required to be 
non-zero. If a spectral feature in the x-ray is observed, 
however, it may indicate a non-negligible mixing between 
a massive active neutrino and a lighter singlet neutrino. 



3.3. Gravitinos 

Another WDM candidate is the gravitino. G, the spin- 
1/2 supersymmetric partner to the graviton (Kawasaki, 
Sugiyama, & Yanagida 1997). In the minimal supersym- 
metric standard model the assumption of R-parity conser- 
vation is made, originally motivated by the need to ex- 
plain the slow proton decay rate. The gravitino can be 
the lightest supersymmetric particle (LSP) and, with R- 
parity conservation, it is stable. However, there has been 
considerable interest in R-parity violation in supersym- 
metric models as a mechanism for neutrino mass gener- 
ation (Hall & Suzuki 1984), motivated by the consider- 
able evidence for neutrino mass [for a review, see Caldwell 
(1998)]. The gravitino may also be the LSP and the dark 
matter (Takayama & Yamaguchi 2000) in R-parity vio- 
lating models with gauge mediation (Dine ct al. 1996) or 
with a low gravitational scale (or effective Planck scale 
Mpi) which comes about through large extra dimensions 
(Arkani-Hamed, Dimopoulos, & Dvali 1998). 

The gravitino LSP decays with a long lifetime in these 
models since its decay is suppressed by Mpj. In one specific 
example considered by Takayama & Yamaguchi (2000), 
the R-parity violation is bilinear with the lightest neu- 
tralino being bino- dominant. In this case, the dominant 
decay mode of the gravitino is G ^ 7:^ through a coupling 
of the gravitino with the photon and its superpartner, the 
photino, which has a neutrino component. The lifetime of 



the gravitino is approximately 

r^(G^^^)«i|C/^,|2^, (16) 

where U-yi, represents the neutrino component of the 
photino, and TO3/2 is the gravitino mass. 

In the models accomodating neutrino masses associated 
with the atmospheric neutrino problem, U-yi, has a char- 
acteristic value |?/7j/|^ « 7 X 10~^^. The decay rate of the 
gravitino into photons is then 

r,,6...,»,.ex:o.V)-' im)' {^) 




where M^^ « 1.22 x 10^^ GeV is the conventional Planck 
scale. The decay would produce a photon line at an energy 
of Ri 7713/2/2. For a ^1 kcV mass gravitino, the decay 
rate is far below the detectable limit given by equation 
(2). However, as mentioned previously, the gravitino is 
the LSP in some supersymmetric models with large extra 
dimensions. These scenarios generically reduce the effec- 
tive Planck scale by up to 14 orders of magnitude. From 
equation (17), if the effective Planck scale is reduced by 
"only" 7 orders of magnitude, the rate becomes detectable. 
Ultimately, the lack or presence of a photon emission line 
may constrain supersymmetric dark matter models with 
large extra dimensions. 

4. OBSERVING DARK MATTER HALOS 

Astronomical objects with strong evidence for dark mat- 
ter concentrations can serve as source reservoirs for WDM 
particles. The specific amount of dark matter in the ob- 
served region can be inferred from models of the spatial 
distribution of the dark matter. The theoretical basis for 
the dark matter distribution is either based on local or 
cosmological physics. 

Local models include truncated isothermal sphere con- 
figurations, which describe galactic dark matter halos as 
perfect gasses in equilibrium. The isothermal sphere model 
reproduces well the observed fiat rotation curves of spiral 
galaxies. In another local-type model, the dark matter in 
x-ray clusters of galaxies is assumed to be the dominant 
source of the gravitational potential binding the hot x-ray 
emitting intracluster medium in hydrostatic equilibrium in 
the /3-model. 

In CDM models, both galaxy and galaxy cluster ha- 
los can be the result of hierarchical clustering and so can 
possess a minified profile. However, CDM models and their 
corresponding unified profiles may be too centrally concen- 
trated to describe dwarf galaxy rotation curves (Navarro, 
Frenk, & White 1996; Navarro, Frenk, & White 1995). The 
general dark matter density profile with radius p{r) for hi- 
erarchical clustering is dubbed the Navarro-Prenk- White 
(NFW) profile: 

where Vs is the scale radius. 

Given any dark matter distribution for an object, the 
photon flux resulting from particle decay or interaction is 
simply proportional to the mass within the field of view. 
This can be approximated as the mass within the projected 
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radius at the distance of the object. However, the dark 
matter in the field of view contains not only the extended 
halo out to the projected radius but also the material in 
front of and behind this sphere. To determine the mass 
within the rectangular prism cut out of the extended halo 
of the object, we have performed a Monte Carlo integra- 
tion of the region's mass density, sampling according to an 
assumed density profile, e.g., NFW. 

4.1. Instrumental Background 

For low surface brightness dark matter systems, the pri- 
mary limit to dark matter flux detection is instrumental 
background. In particular, ACIS aboard Chandra has a 
background of 2 x 10~^cts sec~^ in a ~200 eV energy bin 
of the imaging array. 

As a rough approximation, we can estimate the flux 
onto ACIS from dark matter decay requisite to pro- 
duce a 4-(j detection. For a line with flux i^_i4 = 
F/{10~^'^ erg cm~^ sec~^), the count rate is Cz, ~ 3 x 
10~^F_i4 cts sec~^. For an observation of integration time 

= t/{10^ sec), the background is B w 2 x lO^ts cts. The 
count level required to overcome the background at A-a is 

4^/B 



Cl 

Therfore, the detectable flux is 



t 



(19) 



F^t « 6 i; 



-1/2 



-14 ~ " ^5 • (20) 
For low surface brightness sources, an observation with 
an integration time of 36,000 sec (tg = 0.36) can detect 
a flux « 10~^^ erg cm~^ sec~^ {F-ia, = 10)- One must 
modify the estimated detectable WDM flux whenever the 
baryon-associated material (e.g., electrons, protons, iron, 
etc.) in these halos provides an ambient x-ray flux in ex- 
cess of 3 X 10~^^ erg cm^^ sec^^. In such circumstances 
the minimum detectable WDM flux in a ~200 eV energy 
bin, corresponding to the ACIS energy resolution, is 

1/2 
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3 X 10-11 
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erg cm sec 



(21) 
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FIG. 3 — Singlet neutrino decay x-ray flux produced by an object 
with a mass Mom at distance Di^. Shown are contours that corre- 
spond to spectral Hnes with energy E.^ produced by singlet neutrinos 
of mass nis = 2i?^. The shaded region indicates detectability with 
ACIS on Chandra for a 36 ksec observation. 

* Available at http://simbad.u-strasbg.fr. 



In Fig. 3 we show contours of WDM x-ray photon decay 
flux in lines at photon energies E-y = TOs/2 as a function 
of the dark matter mass in the fleld of view modulo its lu- 
minosity distance [see equation (14)], for a WDM singlet 
neutrino model with zero initial Icpton number, L^,^ 0. 
This figure provides a shaded region indicating detectabil- 
ity with ACIS on Chandra for a 36 ksec observation. 



4.2. Clusters of Galaxies 

Clusters of galaxies are massive objects (~ IQI^Mq) and 
there is strong evidence that most of this mass is carried 
by dark matter. Mass estimates are derived from a spher- 
ical hydrostatic equilibrium model that assumes the gas 
in the intracluster medium is solely supported by thermal 
pressure. The enclosed mass at a radius r is given by 



M(< r) = 



G^jbmp 



d logpg(r) ^ d \ogTx.{r) 
d log r d log r 



(22) 



where G = (Afpj)^^, /im^ is the average molecular weight 
of the gas {m,p is the proton mass), k is Boltzmann's con- 
stant, Pg{r) is the gas density profile, and 7x(r) is the 
temperature profile. Using this equilibrium model, an ap- 
proximate isothermal fit to the mass profile can be made. 
This is the so-called isothermal /3-model. The enclosed 
mass for the isothermal /3-modcl is 



M(< r) « 1.13 X IQi^ Mq 



keV 



Mpcy l + {r/rcY' 
(23) 

where Tc is the core radius (Cavaliere & Fusco-Femiano 
1978). (Note that rc and r., arc related but not identical.) 

With contemporary x-ray telescopes (ASCA, XMM- 
Newton and Chandra) able to provide spatially resolved 
temperature profiles, the hydrostatic equilibrium /3-model 
in principle can yield accurate mass estimates. However, 
as yet, detailed analyses along these lines to provide 7x(r) 
are still being done. Therefore, we employ the isother- 
mal /3-model with average temperature values. These are 
available for the 24 clusters we consider. 

In this work we use the average temperatures of rich 
clusters from the Horner, Mushotzky, & Scharf (1999) 
database. Redshifts or distances are taken from the SIM- 
BAD database.'' The physical properties of the clusters 
we consider are given in Table 1. 

We can approximate the reservoir of dark matter mass 
and observable decay fiux for singlet neutrino dark mat- 
ter seen by ACIS aboard the Chandra observatory us- 
ing the relation between the projected radius of the field 
of view, i?fov, and the angular field of view of ACIS, 
0fov ~ 5 X 10-'^ rad: Dl = 2i?fov/6'rov » 4 x lO^iJ^v. 
With equation (14), for the ~ case, the expected 
x-ray flux is then 

VkeV/ 



F R:! 3 X 10 1^ erg cm ^ sec 



0.3 



10" Mp 



(24) 



1 Mpc J 

The core radius falls within the field of view of Chan- 
dra for all clusters we consider except for the Coma Clus- 
ter. Since the mass increases approximately with the 
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radius outside of the core, we can approximate Mfov ~ 
McoicRfov/rc- Therefore, the expected x-ray flux from the 
cluster in the « model is 




In order to more accurately determine the dark matter 
mass and luminosity in decay photons, we estimate the 
dark matter mass within the rectangular prism cut out of 
the spherical isothermal /3-model density distribution in 
the dark matter halo. The prism has the dimensions of 
2i?fov X 2Rfov X 2i?vir, where -Rfov is half the projected size 
of the aperture, Rfov ~ ^fov-DL/2, and where -Rvir is the 
cluster's virial radius. We use a Monte Carlo integration to 
find the dark matter mass within this field of view, which 
can be significantly larger than the mass strictly within 
the spherical volume defined by the core radius. 

We can use equation (15) to provide a rough limit on the 
mass nis of a singlet neutrino candidate assumed to com- 
prise the dark matter halo. The limits on nis for various 
clusters are given in Table 1. The best limit, rrig < 2.6 keV 
(for the Li,^ case), is provided by the Virgo Cluster. 




sin^ 20 

FIG. 4 — Shown arc approximate contours for Sis Ri 0.3 (h = 
0.7) for singlet neutrino WDM models with different initial lep- 
ton number, L. Potential detection/exclusion of the models can 
be made in the darkest gray region with a limiting line flux of 
10~^^ erg cm~^ sec~^ from the Virgo Cluster observed with Chan- 
dra's ACIS (from a 36 kscc observation). The dashed line is the limit 
for a 100 ksec observation with Chandra also for Virgo. The medium 
gray region bounded by the dashed-dotted line indicates the detec- 
tion/exclusion range for Constellation X observation of field spiral 
galaxy NGC 3198 for a 1000 ksec observation, and the light gray 
region indicates possibilty of detection/exlusion for an ambitious 10 
Msec observation (presumably obtained in several observations over 
a few years). 

In Fig. 4 we give contours in singlet mass and vac- 
uum mixing angle space of singlet neutrino closure fraction 



rig ~ 0.3 (for h = 0.7) for three values of primordial lep- 
ton number (L = L^^): L k, Q,L k. 0.01, L « 0.1. The 
non-zero lepton number contours are very rough fits to 
the results of AFP. (Note that lepton number L here is 
denoted as C in AFP.) Superimposed on this figure are 
shaded regions indicating potential detectability or exclu- 
sion of singlet neutrino WDM from Chandra observations 
of the Virgo Cluster for a 36 ksec observation (dark shade 
bounded by the solid line) and a 100 ksec observation 
(bounded by the dashed line) . The Chandra observations 
of the Virgo Cluster can come close to eliminating all of 
the L Ri 0, non-resonant singlet production mode case. In 
the next section, we will argue that the Constellation X 
project can give even broader constraints in this figure. 

To study the possible observational signature of a sin- 
glet neutrino halo in the Virgo Cluster, we generate spec- 
tra of the gas in Virgo as seen with ACIS with WEB- 
SPEC (XSPEC). We use the MEKAL model for the x- 
ray flux for the gas at a temperature of 2.54 keV (Horner 
et al. 1999) with a thermal x-ray flux from the central re- 
gion of 1.5 X 10~^^ erg cm~^ sec~^ in the 2-10 keV band 
(B5hringer et al. 2001). We adopt a distance to the Virgo 
cluster of 20.7 Mpc measured from 21 cm line widths by 
Federspiel, Tammann, & Sandage (1998). 

In Fig. 5, we show the binned spectrum for two cases. 
We include the decay fluxes [see equation (14)] from a sin- 
glet neutrino halo composed of 4 keV and 5 keV singlet 
neutrinos producing decay photons of energy 2 and 2.5 
keV, respectively, for a 50 ksec observation on Chandra^s 
ACIS. In addition, we include the theoretical MEKAL 
model gas emission spectrum. The residuals from this 
standard gas emission prediction are given at the bottom 
of the figure. The width of the lines are nearly entirely 
due to instrumental broadenning. 

Prom this unsophisticated example, it is obvious that a 
line feature produced by a 5 keV singlet neutrino would 
be readily detectable, while the detection/elimination of 
the decay line for a 4 keV singlet would require a statisti- 
cal analysis. With the lack of such a strong line anomaly 
in the observation of M87 in the core of the Virgo Clus- 
ter with XMM-Newton by Bohringer et al. (2001), we can 
conclude that the dark matter in the Virgo Cluster is not 
composed of singlet neutrinos with masses > 5 keV 
created in the early universe with L^,^ k, 0. The poten- 
tial constraints on general L^^ scenarios from statistical 
spectral analyses are shown in Fig. 4. 



4.3. Field Spiral Galaxies 

Field galaxies can provide low gas x-ray emission sources 
for dark matter, but these objects do not represent as con- 
centrated a dark matter source as do clusters of galaxies. 
A detailed observation of the structure and rotation of 
NGC 4123 has allowed a fit to disk and halo models that 
places a lower limit on the profile of the dark matter halo 
(Weiner et al. 2001). Using a maximal disk model to fit 
the observed rotation curve, they find that a dark halo re- 
mains required. We use an NFW-type profile halo fit by 
Weiner et al. (2001), and find the resulting lower botmd 
on the dark matter mass in the field of view. The distance 
to NGC 4123 is approximately 22.4 Mpc. The form of the 
NEW profile used is the two-parameter spherical density 
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Fk;. 5. — A synthesized spectrum viewed by Chandra's ACIS modeling the central region of the Virgo cluster, for two different cases of 
singlet neutrino mass, showing a strong mass dependence of the flux in a line at (a) a 4 keV singlet neutrino halo (producing a 2 keV line), 
and (b) a 5 keV singlet neutrino halo (producing a 2.5 keV line). Integration time is assummed to be 50 ksec, with a Tx = 2.54 keV thermal 
flux (1.5 X 10~^^ erg cm~^ sec"'^) from the gas in Virgo generated with the MEKAL model, which is shown as the solid line. Residuals from 
the gas emission model alone are shown at the bottom. The width of the line is nearly entirely due to instrumental energy resolution. 



distribution 



4rf 



Pnfw = Ps—, — , ^ NO ■ (26) 

The halo parameters are from Weiner et al. (2001) and are 
given in Table 2. The possible limit from a 36 ksec expo- 
sure [see equation (15)] is < 10.3 keV in the L^,^ w 
production mode case. 

We also use the rotation curve of NGC 3198 (van Al- 
bada ct al. 1985) to fit an NFW profile for the dark matter 
in this object. We use a mass-to-light ratio of unity, which 
provides a good fit for the inner part of the rotation curve. 
The halo parameters are given in Table 2. We adopt a 
distance of 18.34 Mpc to NGC 3198, from WiUick & Ba- 
tra (2001). The potential mass limit [equation (15)] for a 
36 ksec observation in this case is < 6.0 keV for the 
L,y^ « models. 

In Fig. 4 we show the dctcctability region for observa- 
tions of NGC 3198 with Constellation X — a proposed fleet 
of observatories that will have an effective area ~10 times 
greater than Chandra, and no instrumental background 
(Valinia et al. 1999) — for two integration times, 1 Msec 
and 10 Msec, which conceivably could be achieved through 
several long observations over a few years. An exposure 
equivalent to this could be obtained by a stacking analy- 
sis of the spectra of a number of similar clusters (see, e.g. 
Brandt et al. 2001 and Tozzi et al. 2001). Constellation X, 
with very long integration times, holds out the prospect 
of covering nearly the entire WDM parameter space of in- 
terest for some of the resonant production mode scenarios 
up to lepton number L < 0.1. 

We should note, however, that it is still uncertain how 
low in TTis (i.e., x-ray photon line energy) Constellation 
X can be sensitive to at the limiting x-ray flux given in 
Fig. 4 (10~^^ erg cm~^ sec~^). In fact, it could be that 



the lowest photon energy detectable on Constellation X 
could be between 0.3 and 0.5 keV. We show the possible 

constraint with dctcctability down to 0.3 kcV photons, or 
TUs ~ 0.6 kcV. As described in the introduction, Lyman-a 
forest considerations disfavor m.^ < 2.0 koV, and therefore 
Constellation X in principle can detect/exclude essentially 
all of the remaining singlet neutrino parameter space for 
L.^ < 0.1. 

5. DIFFUSE PHOTON LIMITS 

The flux per unit energy per unit solid angle from a ho- 
mogenously distributed decaying background dark matter 
particle is (Masso & Toldra 1999) 



dE^ dfl 



£2 n^^{to) 
4^ H{zo) ' 



tt(zo) 



(27) 



where n,^^ (to) is the present number density of dark matter 
if it did not decay, Ftot is the total decay rate of the par- 
ticle, zq is the redshift at which the photon was produced, 
and t{zo) is the age of the universe at zq. A photon that 
has present energy was produced at redshift zq given 
by 



l + Zo 



Tns/2 
E^ 



(28) 



Limits on the diffuse extragalactic background radiation 
(DEBRA) [sometimes referred to as extragalactic back- 
ground light (EBL)] can be used to constrain dark matter 
particles that produce a flux given by equation (27). Dif- 
fuse radiative decay constraints also were emphasized by 
Drees (2000) and Drees & Wright (2000) in papers which 
incorrectly estimate the relic density of singlet neutrinos 
(see Dodelson & Widrow 1994; Dolgov & Hansen 2000 and 
AFP). A broad-band limit was placed by Ressell & Turner 
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(1989) on DEBRA. They found that the flux per unit solid 
angle must satisfy 

dT/dn < (1 MeY/E^) cm-^tiv-h-\ (29) 

Shown in Fig. 6 are these less constraining, yet broad- 
band, bounds from Ressell & Turner (1989) for the L^^ « 

case for singlet neutrino WDM. 

Gruber (1992) found the form of the x-ray background 
to be 

/ p X -0.29 

dJ^/dQ < 7.9 cm-^sr-^sec-^ ' ^ ^ -"(^-/^^ '^''V) 



VkeV 

for energies of ~ 3 — 60 keV, and 



(30) 



dJ='/d^l < 1650 cm-^sr-^sec"^ 



keV 



-hl750 cm~^sr"^sec"^ 



E^ 



-2.0 



-0.7 



keV 



(31) 



from 60 keV to ^ 6 McV. These constraints are also shown 
in Fig. 6 for the L^^ w singlet WDM case. 

Recently, the Chandra Observatory (Hornsc;hmcicr et al. 
2001; Tozzi et al. 2001) has resolved several structures that 
contributed to the unresolved x-ray background. They 
find that the resolved sources contributed from 60% to 
90% of the previously unresolved backround. We make 
a rough approximation from these considerations that at 
most ~20% of the x-ray background described by Gruber 
(1992) may be due to a diffuse particle decay. The lim- 
its from this consideration are depicted in Fig. 6 for the 
~ case. 

However, these diffuse limits entail the implicit assump- 
tion that dark matter particles are not concentrated in ob- 
jects, but rather are uniformly distributed through space. 
This is certainly not the case, since structure is at least 
somewhat clumped and non-isotropic in the sky since an 
epoch corresponding to a redshift of 2; > 10. The limits 
on the singlet neutrino mass in the Li,^ w case obtained 
by an assumption of no clumping right up to the present 
{z = 0) epoch are shown in Fig. 6 (a). This limit is roughly 
rUs < 2 keV. The limits for singlet dark matter in the 
~ case decaying at 2; > 10, shown in Fig. 6 (b), 
is approximately nis < 20 keV. In this case the diffuse 
limit is greatly eased for the obvious reason that there is 
little diffuse dark matter at recent epochs. The true limit 
from a diffuse component should lie between these extreme 
cases. The actual limit depends on the epoch of signficant 
structure formation, and therefore on particular structure 
formation models. 

6. CONCLUSIONS 

We have argued that the serendipitous coincidence be- 
tweeen the "sweet spot" for x-ray photon detection tech- 
nology (photon energies between 0.5 and 10 keV on mod- 
ern observatories like Chandra and XMM-Newton), and 
the structure consideration-preferred WDM particle rest 
mass range, may afford an opportunity to detect or ex- 
clude a number of WDM candidates. Present observations 
of x-ray emission from clusters of galaxies (e.g., Virgo) 
may already nearly eliminate all but a small parameter 
region for the zero lepton number, non-resonant scatter- 
ing production mode for singlet "sterile" neutrino WDM. 
We find that the non-observance of a significant feature in 



deep observations of the central region of the Virgo Clus- 
ter excludes singlet neutrino WDM candidates with masses 
mg > 5 keV in the L^,^ « production mode. 

However, exposures of large dark matter halos by cur- 
rent x-rav observatories could yield a spectral line for 
2.5 keV < nis < 5 keV (1.25 keV < E^ < 2.5 keV) in 
the L^^ « case unassociatcd with any atomic line. As 
detailed observations of the spatially resolved gas temper- 
ature profiles of rich clusters continues, accurate determi- 
nations of the dark matter profile in these clusters can 
be made, and existing limits and their uncertainties can 
be improved. Combined with lower mass bounds, upper 
limits from observation may exclude certain dark matter 
particle candidates. 

The best strategy would be to target hot clusters or ha- 
los of spiral galaxies, which should have few emission lines 
in the energy range 1.25 keV ^ < 2.5 keV. In addi- 
tion, the inferred existence of weakly-lensing dark massive 
"blobs" (Clowe et al. 2001) provides a candidate for dark 
matter decay photon detection with relatively no back- 
ground; however, the distance to such dark lenses is not 
well known, and therefore constraints on dark matter par- 
ticle decay cannot be established from these objects. 

The remaining (undetectable with ACIS on Chandra) 
L^^ ~ parameter region is centered on m,, ~ 1 keV, 
the most interesting rest mass from a structure forma- 
tion standpoint. Though this parameter space is already 
challenged by potential supernova core cooling effects (see, 
e.g., AFP), it would still be useful to close this window 
with another constraint venue. 

The nonzero lepton number {L^^ 7^ 0) cases for singlet 
neutrino WDM, corresponding to resonant production in 
the early imiversc (Shi & Fidlcr 1999: AFP) are not as yet 
detectable or constrainable with Chandra/ XMM. However, 
the higher sensitivities which are possible with the Constel- 
lation X observatory could cover much of the interesting 
parameter space for these singlet neutrino models. 

This is an exciting possibility. A line feature not at- 
tributable to an atomic line could be produced by the 
radiative decay of either singlet neutrinos, heavy active 
neutrinos, or gravitinos. 

In any case, it is remarkable and unexpected that the 
hard-won technology of x-ray astronomy can in some cases 
probe a new regime of particle physics, one where parti- 
cle interaction strengths are some ten orders of magni- 
tude weaker than the Weak Interaction. Put another way, 
modern x-ray obsevatories could probe epochs of the early 
universe corresponding to redshifts z 10^^. 

We would like to thank A. B. Balantekin, J. Bookbinder, 
D. O. Caldwell, G. Fossati, W. Heindl, M. Patel, R. Roth- 
schild, and J. Tomsick for useful discussions. We would 
like to thank N. Dalai for suggesting non-luminous mas- 
sive gravitational lenses as dark matter sources. This work 
was supported in part by NSF Grant PHY-9800980 at 
UCSD. K.A. would like to acknowledge support from a 
NASA GSRP Fellowship. W.T. was supported in part by 
NASA contract NAS8-39073. 

Note: It should be noted that the three-neutrino de- 
cay processes of the singlet neutrino in Fig. 1 (with the 
rate of equation [7]) are only possible in the presence of a 
flavor-changing neutral current between neutrino flavors. 
We thank John Beacom for suggesting a clarification and 
emphasis of this point. 



10 



1000 
100 



> 10 



1 r 



0.1 
0.01 



1 1 — 1 1 1 1 M| 1 1 — 1 1 1 1 M| 1 1 — 1 1 1 1 M| 1 1 — 1 1 1 1 M| 1 1 — 1 Mill 

- (a) DM isotropy: z = 0.0 '^'^ L ■ 

/■ 


1 1 — 1 1 1 M l| 1 1 — 1 1 1 1 1 1| 1 1 — 1 1 1 1 1 1| 1 1 — 1 1 1 1 1|| 1 1 — 1 1 1 M 1 

' (b) DM isotropy: z =10.0 

- X : 






'_ Ressell & Turner 1990 1 

- Gruber Hard 1992 

: Gruber Soft 1992 

Chandra 


'_ Ressell & Turner 1990 ~_ 

- Gruber Hard 1992 

Gruber Soft 1992 : 

Chandra 

= T 



0.1 



10 100 
m fkeV) 



1000 0.1 



10 100 
m^(keV) 



1000 10^ 



Fig. 6. — Limits on the diflfuse flux from singlet neutrino decay in the L^^ case from photons produced at (a) z > and (b) z > 10, 
assuming isotropy of the dark matter at that redshift. 
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Table 1 
Clusters of Galaxies 



Name 


Mvir( 






A4 ^ 


Km' 


Limif* 


ms{L^^ ~ 0) limit' 








(/i^^Mpc) 


(xIO^^Mq) 


(IQi^Mo) 




(keV) 








023 


036 


1.04 


(1.1 X 10^^)~^ 


4 5 






i7.00 


w.uou 


U.O-LO 




1 ± .U A XU 1 


Q 


Ann Q 






9*^1 


'^l 9 


9 9'^ 




4 1 








0*^9 


09Q 


w.oo 


I ± .U A ± W ( 




An4nn 




2.49 






47 


(1.0 X 10^®)~^ 


rt.O 


A 0498 






090 


08"^ 
u .uuo 


1 ns 

1 . uo 


^4 V 1 ni9^~i 

14:. O A L\J 1 


9 R 


A 0408 




9n 


0"^^ 

U. UO<J 


O^R 


1 zin 

± .4:U 


I ± .U A L\J 1 


Q 


AO^'^Q 




9 ni 


0S9 


004 


1 nn 


I ± .U A L\J 1 


4 


A 1 OfiO 




1 QD 


040 


04^ 


u.oo 


1 O. 1 A ±U 1 


9 Q 


A1 fit^fi 




A Q7 


90J^ 


94^ 


1 QS 

-L . yo 


^4 7 V 1 ni9^~i 


9 7 


A 1 7Q^^ 

I\l 1 .JO 






u. uuo 


1 71 


A 90 


I ± .O A L\J 1 


4 9 


A908'^ 






087 


110 

U. -L -L W 


J. .^o 


n 4 V ini3^~i 

I ± .4 A ±\J J 


4 1 


A2199 




71 

<J. 1 J- 


040 


109 


1.42 


(2.0 X 10^^)~^ 


3 6 






23.12 


0.228 


1.40 


5 96 


(1.8 X 10"'^^)""'^ 


3 8 


A2319 




39.54 


0.135 


1.24 


4.87 


(1.9 X 10^^)"^ 


3.7 


A2634 




4.31 


0.123 


0.273 


0.98 


(1.3 X 10i^)-i 


4.2 


A3526 




(0.80) 


0.038 


0.043 


0.37 


(3.9 X 10^^)-^ 


2.9 


A3558 




11.54 


0.075 


0.318 


2.22 


(1.2 X lO^^)-! 


4.3 


A3571 




8.17 


0.086 


0.241 


2.95 


(2.3 X 10i9)-i 


3.5 


A4059 




(1.50) 


0.075 


0.164 


1.73 


(1.0 X 10i9)-i 


4.6 


AWM7 




5.77 


0.062 


0.148 


0.65 


(2.8 X lO^^)-! 


3.3 


MKW3S 




(2.00) 


0.047 


0.067 


1.83 


(1.2 X 10i9)-i 


4.3 


MKW4 




1.15 


0.009 


0.0070 


0.30 


(9.7 X lO^S)-! 


4.6 


Virgo 




2.04 


0.007 


0.0081 


0.10 


(5.6 X 10^^)-^ 


2.6 



'^Thc values of Afvir and r,. are from Horner et al. (1999). For clusters whose Myir is not well known, we used 
the mass determined by the x-ray profile, Mx (shown in parentheses). 

''The mass within the core radius Mcore- 

'^The mass within the field of view M^^^ (density integrated over the rectangular prism in the field of view). 
''The potential limit on the radiative decay rate of dark matter from the object with a 36 ksec observation. 
''The corresponding constraint on the singlet neutrino mass, rrig, in the L^^ case [equation (15)]. 



Table 2 
Field Galaxies 



Name 


Ps 

(xlO'* Mo/Mpc^) 


V 

(kpc) 


M(< rs) 
(xIO'^Mq) 


(xIO'^Mq) 


r Limit'" 


ms{Lv„ « 0) limif^ 
(keV) 


NGC 3198 
NGC 4123 


1.5 
1.3 


67.0 
38.2 


4.32 
0.704 


3.62 
1.85 


(2.3 X 10^^)-^ 
(2.3 X 10^^)-' 


6.0 
10.3 



^The mass within the field of view (density integrated over the rectangular prism in the field of view). 

''The potential limit on the radiative decay rate F-y of dark matter from the object with a 36 ksec observation. 
'^The corresponding constraint on the singlet neutrino mass, ms,in the L,^^ « case [equation (15)]. 



